Rhagoletis mendax, the blueberry maggot, is a member of the R. ponionella species complex, wellknown as a possible example of sympatric speciation via host race formation. Using electrophoretic data for 16 loci, I have determined that the population structure of R. mendax differs sharply from that of the well-known apple maggot fly, R. pomonella, as follows: (i) geographical differentiation across eastern North America is very small (FsT=O.OlS as opposed to FsT=O.22O in R. pomonella), (ii) no latitudinal dines in allele frequencies exist, and (iii) consistent differentiation with respect to individual host plant and host plant species was not seen (although such differentiation could not be studied as effectively in R. mendax as in R. pomonella). Fum and Had show strong linkage disequilibrium in two northern populations, and weak but significant disequilibrium across the entire geographical range of R. mendax. The genetic uniformity of R. mendax may be a consequence of its restriction to a single host plant species over most of its range.
Introduction
For almost three decades the fruit flies of the Rhagoletis pomonella species group (henceforth pomonella group) have been the focus of debate over sympatric speciation via host race formation, a mode of speciation in which reproductive isolation evolves, in the absence of geographical isolation, during the adaptation of parasites to novel hosts (Mayr, 1963; Bush, 1966 Bush, , 1969 Bush, , 1974 Bush, , 1975 Bush, , 1992 Futuyma & Mayer, 1980) . Bush hypothesized that genetic variants with altered host selection behaviour and host survival ability can segregate out of a parasite population, producing a new population, on a new host, that is at least partially reproductively isolated from the original population on the ancestral host (namely, a host race).
The existence of at least one host race formed in historical time, the apple race of R. pomonella (Walsh), is now well supported (Prokopy et a!., 1987; Feder et a!., 1988 Feder et a!., , 1990a McPheron et a!., 1988b; Smith, 1988) .
R. pomonella (Walsh) is the only species in the pomonella species complex (Bush, 1966; Payne & Berlocher, 1995a ) that has been reported to form host races in historical time. This fact prompts the question: what makes R. pomonella unique? Electrophoretic and phenological studies have revealed several features of the biology and population genetics of the species that are potentially related, to varying degrees, to its ability to colonize novel plants. R. pomonella possesses abundant variation, at least for allozymes (average heterozygosity over 29 loci is 0.22 1 0.44; , populations are structured even at the level of individual host plants (McPheron et a!., 1988a; Feder et a!., 1990b) , latitudinal allele frequency dines exist, with different slopes in the apple and hawthorn races (Feder & Bush, 1989) , geographical differentiation over eastern North America is great (FST= 0.220; McPheron, 1987) , linkage disequilibrium of allozyme loci involved in host race differentiation exists (Feder et a!., 1990a) , and different allozyme genotypes are associated with different diapause and eclosion phenologies .
In this paper, I examine the pomonella group sibling species R. mendax Curran (blueberry maggot) at 16 variable allozyme loci to determine whether its population structure differs from that of R. pomonella. I sampled R. mendax sufficiently well to allow the magnitude of geographical differentiation, pattern of geographical differentiation (for example dines), and amount and degree of linkage disequilibrium to be assessed with some confidence. Provisional answers can be given to questions concerning differentiation of 542 R. mendax populations on individual host plants, and on different host plant species, but no data on associations between allozyme and life history phenology were obtained in this study.
Biology of R. mendax
The life cycle of R. mendax is typical of most Rhagoletis species (Boiler & Prokopy, 1975) . The insect is univoltine, with eclosion of adults in the summer as the host fruits ripen, mating on the host plants, oviposition into the fruit, larval development in a single fruit, and pupal diapause and overwintering in the soil. All pomonella group species have the same basic karyotype (Bush, 1966) , so the linkage map of R.
mendax should be similar to that of R. pornonella (Berlocher & Smith, 1983; Feder et a!., 1989b) . R.
mendax is restricted to eastern North America (Bush, 1966; Fig. 1) . It infests almost exclusively species of the closely related genera Vaccinium L. (blueberries, bilberries, lingonberries, etc.) and Gaylusacia
Humboldt, Bonpland and Kunthe (huckleberries), both in the Ericaceae (Bush, 1966) . Given that in some areas R. mendax commonly infests plants of Vaccinium subgenus Cyanococcus, which contains all the blueberries commonly harvested for market in North America, R. mendax is a serious agricultural pest. Table 1 . The * is the Nova Scotia site of Berlocher & Bush (1982) . The thick line marks the approximate range limit of R. mendax, based on Bush(1966) , Vincent & Lareau (1989) , Berlocher (1995b) and Vander Kloet (1988) . The thin line, which coincides with the thick line at the western and southern limits, is the range of deerberry (Vaccinium stamineum) from Vander Kloet (1988) . Only in the northern Atlantic seaboard and midwestern USA areas does R. mendax occur outside the range of deerberry.
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Two major steps toward a better understanding of the biology of R. mendax were recently made by J.
Payne (Payne & Berlocher, 1995a,b) . First, the populations of pomonella group flies infesting the fall-ripening blueberry V. arboreum Marshall, previously classified with R. mendax by Bush (1966) , were found to be a new species of the pomonella complex (Payne & Berlocher, 1995a) , and are thus not discussed here. Secondly, by far the most commonly infested host plant in much of eastern North America is a previously totally unsuspected one: V. stamineum L. (deerberry; Payne & Berlocher, 1995b) . The discovery of this host has resulted in a substantial westward extension of the geographical range of R. mendax ( Fig. 1 ; Payne & Berlocher, 1995b ).
Materials and methods

Sampling
All insects were obtained by rearing them from infested fruit collected in the field (Berlocher & Enquist, 1993; Payne & Berlocher, 1995b Geographical sampling was designed to obtain frequency data from the entire known range of R. mendax. However, because electrophoretic data for some loci have been published for Nova Scotia (Berlocher & Bush, 1982; Feder et a!., 1989a) , collections were not made at the northermnost extreme of the range of the fly. Sites with more than one potential host plant growing together were especially sought, and at such sites collections were made from all potential Payne & Berlocher (1995b) .
Sites yielding sufficient material for electrophoresis are described in Table I and mapped in Fig. 1 Because nomenclature, electrophoretic conditions, staining recipes and map positions for R. pornonella group electrophoretic loci have been previously described in detail (Berlocher & Smith, 1983; , only locus names are used here. Although as many as 29 loci have been scored from single Rhagoletis flies (Feder et at., 1989) , the data set analysed here contains 16 polymorphic loci (polymorphic = more than one allele), all expressed in both larvae and adults (Berlocher & Smith, 1983; Feder et al., 1989) . The loci that were excluded from analysis were either invariant in R. mendax or could not be reliably scored for technical reasons (the relatively small size of southern R. mendax was a contributing factor). Some almost monomorphic loci, such as Dia-2 and Aid, were included to enable interspecific hybrids to be detected. Partial data, obtainable from the author, were obtained for some of the excluded loci.
Electrophoresis was in most cases carried out on larvae (Table 1) . Both adults and larvae were electrophoresed in the large Chickaming, Michigan sample to determine whether larval and adult frequencies differed at the same site. For most sites, some flies were reserved for DNA and morphometric analysis.
Data analysis niosys-i (Swofford & Selander, 1981) was used to compute allele frequencies and unbiased heterozygosities (Nei, 1978) from the individual genotypes. The rnosvs-i exact test option was used to determine whether populations were in Hardy-Weinberg Equilibrium (HWE). Weir (1990a, p. 367) Genetics, University of Wisconsin, Madison, WI). This eliminated the need for pooling of alleles and permitted testing involving rare alleles. However, even with exact methods or their simulations, tables with extremely low total counts of rare alleles cannot possibly refute the null hypothesis. Therefore, tables containing fewer than five copies in total of the second most common allele were not tested. MONTE CARLO RXC 2.2 estimates standard error for the probability. For most cases 10000 replications were adequate to determine the probability of obtaining the observed data or more deviant data by chance; for these cases probabilities are given in the tables to two decimal places. However, if the probability was close to or below 0.01, 100000 replications were carried out, which in almost all cases ensured accuracy to three decimal places. In a few cases the run was carried out to 106 replications, ensuring accuracies to at least four decimal places. In the event that all 106 random samples deviated less from expectations than did the actual sample, the probability is recorded as 0 in the tables.
In principle, contingency table analysis could be To test for host species effects A set of four samples (pooled from many individual plants) representing three host plant species, made on the same day at the Rutgers University Cranberry and Blueberry Research Station, New Jersey, site. One of the samples is from domesticated highbush blueberry (V. corymbosum) under cultivation, the others from three wild hosts, including wild V. coiymbosum..
To test for host species effects and phenological To determine whether the three samples from domesticated blueberries show any consistent genetic similarities, unweighted pair-group arithmetic mean (UPGMA) cluster analysis was carried out on the Nei unbiased genetic identity (Nei, 1978) .
Before analysing the large-scale geographical differentiation among the samples, all samples at the same geographical locality, and some geographically close sites, were pooled to increase the sample sizes representing geographical areas. (Although lack of significant heterogeneity within a locality was not a criterion for pooling, I note that the two small Florida samples did not differ significantly at any locus.) Pooling produced 13 geographical samples (with the five pooled samples being sites 2-5, 6-12, 16-18, 2 1-22, and 23-24 in Table 1 ). These pooled samples were used for both the contingency and F-statistics analyses of large-scale geographical variation. The F-statistics of Cockerham & Weir (Weir, 1 990a,b) were calculated using a BASIC program I wrote that accepts modified arosys-i input files. The program also computes 95 per cent confidence limits by bootstrapping over loci. The example data of Weir (1990a, p. 410) were used to confirm that the program was performing correctly. For comparison, I also calculated the F-statistics of Wright (1978) .
To determine whether dines exist in R. mendax, I carried out nonparametric regression analysis of the frequency of each allele against latitude using Kendal's r. The nonparametric approach was used because neither allele frequencies nor latitude are normally distributed. Alleles for which the highest frequency was less that 0.02 were excluded. For sites with multiple samples, I used the pooling described in the preceding paragraph. Two analyses were performed. First, all populations were included. Secondly, to remove potential altitude and interior/coastal effects, I regressed only samples from the Atlantic coastal plain and piedmont (2-5, 6-12, 14, 15, 16-18, and 21-22) . For alleles of Aat-2, Adh-J, Aid, Fum, Idh, Pgi and Pgm, the Nova Scotia sample of Berlocher & Bush (1982) was included in the regression analysis, as the electrophoretic buffers were the same as used in this study.
As in , the analysis of linkage disequilibrium had two stages. First, contingency tests on pairwise two-locus genotype numbers were carried out.
By using the Monte Carlo method described above, problems with small expected numbers were avoided.
(Fisher's exact test was used on 2 x 2 tables.) The criteria for selecting populations and loci for linkage disequilibrium tests were that N 30, and that the count of the second most abundant allele at each locus was ?'5.
Even given the ability to use rare alleles afforded by an exact test, large samples are needed to detect any but the most intense disequilibria (Hedrick et a!., 1978) . Therefore, several different poolings (weighted by sample size), up to a pooling of all samples, were made to increase the ability to detect disequilibria. The danger is that artificial pooling of structured populations may create disequilibria not present in individual subpopulations (Nei & Li, 1973; see Results) .
Only samples with probabilities below 0.01 (see below) in the contingency tests were carried to the tion rates outside of agricultural areas (average infestation rate is 0.7 per cent for the sites in Table 1 ) and multiple use of samples resulted in some small sample sizes.
Allele frequencies and average heterozygosities are in Appendix 1. Low frequency null alleles were observed at two dimeric loci, Aat-2 and Idh, with the null alleles named by their relative mobility prefixed with an 'n'.
H averaged across all 26 samples is 0.154, and average number of alleles/locus averaged across samples is 2.254. Although selection of loci for this paper was biased towards polymorphic loci, H based on the 29 locus data set of , in which loci were chosen simply on the basis of acceptable electrophoretic resolution, was actually slightly higher at 0.176 for the Chickaming, Michigan, site The Fort Valley, Georgia, collections did not provide evidence for population structuring arising from individual host plant effects. For the 11 tests, most probabilities were large, with the two smallest probabilities being for Fum at 0.02 and Idh at 0.008. However, for 11 loci the Bonferroni P is 0.00 5, so the null hypothesis for the sample as a whole is not rejected for this site.
Evidence for population structuring related to host plant species was observed at the Rutgers Research Station site for one locus, Id/i. The P value was 0.002, below the Bonferroni value of 0.00 5. The P value for this locus remained significant when the geographically separate domestic blueberry sample was removed, leaving only the samples from the three intermixed wild hosts to test.
A larger number of significant tests was obtained at the Beltsville, Maryland site, although both sampling date and host species were involved. When all seven samples were tested the largest probability was 0.24 and for six of the 11 loci the probability of obtaining the results by chance alone was below the Bonferroni value of 0.005 (Table 2) . However, it is not apparent The Genetical Society of Great Britain, Heredity, 74, 542-555.
whether the differentiation arose from host species or date of collection; both poolings produced similar numbers of significant tests (Table 2) .
No evidence for genetic similarity of the three samples from domestic blueberries was provided by the UPGMA analysis of Nei unbiased genetic identity. All three samples clustered distantly from one another (data not shown). No clustering of domestic blueberry samples could be produced using other distances, indicating that the choice of genetic distance was unrelated to the outcome.
Slight but significant large-scale geographical population structure was apparent in the 13 pooled samples. Seven of the test probabilities for individual loci were extremely low, so the differences are clearly not related solely to sampling error (Table 3) . However, the Fstatistics indicate that population differentiation is very slight in R. mendax. FST is only 0.015 (F0.040, and See text for explanation of poolings. In the poolings Adh-1 did not meet the requirements described in the text for testing. Although disequilibrium can result from pooling of equilibrium populations with different allele frequencies (Nei & Li, 1973 ), this appears to be a minor contributor to the disequilibrium I observed in the pooled samples. As shown by the small FST value, allele frequency differentiation is slight in R. mendax. In addition, the total pooled data (with alleles pooled to two as for calculation of D) are in essentially perfect HWE for Fum (=0.24) and only slightly out of equilibrium for Had (x 4.21). This slight degree of population structure is very unlikely to be totally responsible for the observed disequilibrium, leaving linkage disequilibrium in the strict sense as the most likely explanation.
Although interspecific hybridization in the pomonella group will be discussed in detail elsewhere, I note that no evidence for hybridization was observed in the 1009 flies electrophoresed, using the diagnostic loci for pomonella group species described in Berlocher etaz'. (1993) . Values in parentheses are site codes (Table 1) . N is number of individual flies.
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Discussion
The population structure of R. mendax is clearly different from that of R. pomonella. Differences concerning large-scale geographical differentiation are especially striking. R. mendax is almost uniform across its range, with little differentiation (FsT=O.O15) and no clinal structure whereas R. pomonella is quite structured, with very significant differentiation (F1 0.220; McPheron, 1987) and strong clinal structure (Feder & Bush, 1989) . The genetic uniformity of R. mendax is from a lack of variation; based on the 29 locus data set variable loci (partially different from the set used here), and observed FsT=O.O4O±O.Ol3, which is probably not significantly greater than the value reported here (Feder & Bush (1989) report a variance of F51 from bootstrapping instead of 95 per cent confidence limits). With respect to linkage disequilibrium, differences between R. pomonella and R. mendax are also apparent. In both species significant disequilibrium occurs between only a small fraction of loci, in agreement with other studies (Langly, 1977) . In R. mendax disequilibrium was observed only between Fum and Had whereas in R. pomonella significant pairwise disequilibria involving seven loci organized into three linkage groups (linkage group I, Dia-2/Aat-2; linkage group II, Me/Acon-2/Mpi; linkage group III, Had/Pep-2; Feder eta!., 1990a) were seen in both hawthorn and apple races. However, meaningful comparisons between the species are difficult to make, as only one locus pair (Acon-2/Mpi) could be tested in both species (Fum is monomorphic in R. pomone!la, Dia-2 is effectively monomorphic in R. mendax and Me and Pep-2 were not studied here). For Acon-2 and Mpi, at which all common alleles are shared between the two species, no disequilibrium was seen in this study, and only sporadic disequilibrium in R. pomone!!a (Feder et al., 1 990a) . I note that the R. mendax disequilibrium data imply that Fum and Had are linked, as does the fact that these two loci are linked in R. tabellaria (McPheron & Berlocher, 1985) .
Differences between R. mendax and R. pomonella involving differentiation of populations on different individual host plants and different host plant species cannot be completely characterized in this study; the unexpected low infestation rate and exclusive use of only one host species in much of the range of R. mendax compromised the original sampling design.
The available data offer no evidence for differentiation of R. mendax populations with respect to individual host plants. Some evidence was found for differentiation associated with both host plant species and phenology, although it is not clear which has the greatest effect. Moreover, the pattern of involvement of different loci in differentiation in R. mendax is very inconsistent. In R. pomonella, the same set of six loci (Me, Acon-2, Mpi, Dia-2, Aat-2, Had), which are associated into three linkage groups, are consistently differentiated between apple and hawthorn races (McPheron et a!., 1988b; Feder et a!., 1990a) whereas seven other polymorphic loci are differentiated only sporadically. Five of these 'host-plant' loci, four with sufficient variation to test (Acon-2, Mpi, Aat-2 and Had), were studied in R. mendax, but these loci are not consistently differentiated at the two sites where I sampled from multiple host species. At the Rutgers site the only locus showing significant differentiation is Idh, which has been intensively studied in R. pomonella and is rarely differentiated along host-plant lines. At the Beltsville site two of the 'host-plant' loci of R.
pomonel!a (Acon-2, and Had) are differentiated among the seven host-plant/collection date samples, but Idh and Pgm, characteristic 'non-host-plant' loci in R.
pomonella, are also differentiated. Overall, the inconsistent involvement of loci in population differentiation with respect to host plant species does not support the existence of host races or other host-related substructuring in R. mendax, although further study is clearly required. One possibility that needs investigation is that population densities are so low in R. mendax that only a few sibling groups are being sampled, although the excellent fit to HWE in almost all samples/loci argues against this explanation.
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